I N T R O D U C T I O N
In pelagic environments, energy is supplied to higher trophic levels through two main pathways. The traditional grazing food chain transfers energy directly from larger phytoplankton to mesozooplankton (Cushing, 1989) , in contrast to the microbial food chain, which transfers little energy to higher trophic levels (Azam et al., 1983; Legendre and Rassoulzadegan, 1995) . Numerous studies have reported ciliates feeding on picoplankton and nanoplankton (Stoecker and Evans, 1985; Bernard and Rassoulzadegan, 1990) , making them a likely link in the transfer of energy from the microbial components in the food web to higher trophic levels (Azam et al., 1983; Sherr and Sherr, 1986) . Although most ciliates are heterotrophic, numerous species are mixotrophic (Jonsson, 1987; Stoecker and Michaels, 1991) , which complicates the proper assignment of a trophic position. Ciliates are mainly preyed on by copepods, larger ciliates and heterotrophic dinoflagellates, and occasionally by rotifers, bivalve larvae and larval fish (Stoecker and Capuzzo, 1990; Verity and Paffenhöfer, 1996) .
Protists are recognized as trophic intermediaries in Baltic Sea pelagic food webs. However, their occurrence and distribution are poorly studied, except for the mainly autotrophic ciliate Mesodinium rubrum Lohmann 1908 (=Myrionecta rubra Jankowski 1976) (Lindholm, 1985; Leppänen and Bruun, 1986) . Ciliates are usually not included in regular Baltic Sea sampling programmes, though exceptions exist. Most of these studies were performed in coastal areas, some with seasonal coverage [e.g. (Smetacek, 1981; Witek, 1998)] , and a few were conducted at offshore stations [e.g. (Mamaeva, 1988; Reckermann, 1996) ]; none of the latter give seasonal coverage.
Ciliates are fragile, and thus problematic to sample and preserve (Stoecker et al., 1994) , which may explain the scarcity of data. To understand pelagic food webs better, there is a need for simultaneous estimates of the density and distribution patterns of all planktonic components, including ciliates. Here we report on the seasonal variability of the plankton community, in particular ciliates, in the mixed layer of the offshore Baltic Sea proper. We examined the ciliate community structure in relation to production of phytoplankton and bacteria, as well as the mesozooplankton community structure.
M E T H O D Study area and sampling
The study was carried out at the Landsort Deep (the deepest point in the Baltic Sea, 458 m deep), in the northern Baltic Sea proper (58 35 0 N, 18 14 0 E) ( Figure 1 ). The salinity in the Baltic Sea proper is 6-8 in the surface water, the average depth is $60 m and tides are negligible. Surface currents in the Baltic Sea proper are typically anticlockwise, transporting surface water north along the eastern Baltic coast, then turning west to join surface water from the Bothnian Sea and continuing south along the Swedish coast. There is a permanent halocline between 60 and 80 m. The temperature generally ranges between 0 and 20 C in the surface waters, with a summer thermocline between 10 and 20 m depth. An ice cover can develop occasionally during winter, although it frequently breaks up. The photic zone is restricted to the upper 20 m, and the average Secchi depth is $6-8 m during spring and summer (data from the Swedish Marine Monitoring Programme).
We sampled the Landsort Deep station from 17 February to 8 December 1998, monthly during winter, weekly during the spring bloom (24 MarchÀ5 May) and every second week in summer and autumn ( Figure 3 ; Table I ). On each sampling occasion, water temperature and conductivity were measured in depth profiles with a CTD (Meerestechnik Elektronik GmbH, Germany). Water samples for chlorophyll a, primary production and bacteria were collected with serial 5 L Ruttnertype water samplers (Hydrobios, Germany).
Phytoplankton primary production
Rates of 14 C uptake were measured in duplicate 80 mL transparent polycarbonate bottles at 11 depths (0, 1, 2, 4, 6, 8, 10, 12.5, 15, 20 and 25 m, dark bottles at 0, 4 and 25 m). After 4 h of incubation, the water was filtered through 90, 40, 20, 10, 3, 1 and 0.2 mm filters, and the filtrate was also collected (Larsson and Hagström, 1982) . Filters !20 mm were custom-made from nylon net sheets, while finer filters were Poretics polycarbonate filters, all mounted in Swinlock filter holders (Millipore Inc.) .
A few drops of 1 N HCl were added to the filters before drying overnight at 60 C in plastic scintillation vials. After drying, 7 mL of scintillation cocktail (Filter count; Perkin-Elmer) were added to the scintillation vials with the filters, and thereafter they were counted in a Packard scintillator (Tri-Carb 1600 TR; Packard Corp) for 20 min. Rates of 14 C uptake in unfiltered sea water and in 0.2 mm filtrate were determined in 10 mL subsamples in glass scintillation vials after adding 2 drops of 1 M HCl, bubbling with air for at least 30 min and adding 10 mL of Lumagel Safe (Lumac LSC B.V.).
Carbon uptake was calculated according to Parsons (Parsons et al., 1984) . Dark uptake at incubation depths without dark bottles was calculated by linear interpolation and subtracted from the light uptake. Daily primary production was calculated by dividing the measured primary production by the fraction of total daily insolation at Visby on the island of Gotland (100 km south of the sampling station) received during the incubation. Integrated 14 C uptake rates were linearly interpolated over depth. Since post-fractionation leads to underestimation of phytoplankton growth compared to unfiltered samples (Larsson and Hagström, 1982) , we proportionally recalculated the summed uptake rates in size fractions to equal the estimate from the unfiltered samples.
Bacteria
The abundance and production of bacteria were estimated at five depths: 0, 4, 10, 15 and 20 m. At each depth, two 20-mL water samples were immediately fixed with formaldehyde (2% final concentration) and kept in darkness at 4 C until processed further (storage time <1 week). The water samples were filtered (0.2 mm), stained (acridine orange, 5 min), counted and measured (length and width) under an epifluorescence microscope (at least 10 fields or >300 bacteria, magnification Â1000) (Hobbie et al., 1977) . The volume was estimated from length and width measurements using standard geometric formulae (Blackburn et al., 1998) .
Bacterial production was estimated with the [ 3 H]thymidine method (Fuhrman and Azam, 1982) . Triplicate 1 mL samples and controls from each depth were incubated in darkness with 20 nM [ 3 H]thymidine, for $1 h, in a thermos flask with water from the sample depth. Bacterial activity in controls was stopped by addition of 200 mL of 50% trichloroacetic acid (TCA) prior to incubation, and in samples following incubation. Thereafter, all samples were centrifuged (<4 C, 13 000 r.p.m., $19 000 g, 10 min) and the supernatant was removed by gentle suction (<20 kPa). The remaining pellet was washed with 1 mL of ice-cold 5% TCA. Prior to counting in a Tri-Carb 1600 TR scintillator (Packard Corp.), 1 mL of Lumagel Safe was added. The uptake of thymidine was calculated according to Fuhrman and Azam (Fuhrman and Azam, 1982) using formulae in Kemp et al. (Kemp et al., 1993) . In order to convert thymidine uptake to growth, we used 1.0 Â 10 18 cells mol À1 thymidine incorporated (Heinänen and Kuparinen, 1991) . The carbon content was estimated after Simon and Azam (Simon and Azam, 1989) and Kemp et al. (Kemp et al., 1993) :
where V is volume (mm 3 ). Production (mg C L À1 h À1 ) was calculated by multiplying the number of cells produced in 1 h by the average carbon content. The rate of bacterial production was assumed to be constant over a 24-h period.
Ciliates
To obtain an integrated water sample from the surface layer, a plastic tube (inner diameter 25 mm) equipped with a weight at the lower end was slowly lowered by hand at a constant rate to 20 m depth and stoppered at the upper end before being retrieved. The total volume of the tube was emptied into a bottle and carefully mixed. Thereafter a subsample of 3 L was fixed with acid Lugol solution (1-2% final concentration) and kept cold (4 C) when transported to the laboratory. The samples were concentrated in PVC plastic settling chambers (diameter 0.11 m, height 0.5 m) in darkness at 4 C. After 2 weeks, 75% of the sample was siphoned off from the top, and 50-100 mL of the remaining sample were settled for an additional 24-48 h in an Utermöhl chamber (Utermöhl, 1958) .
At least 100 M. rubrum and 400 of the remaining ciliates were counted and identified to the lowest possible taxonomic level, using an inverted microscope (Leitz DM IRB; Leica; magnification Â200). The morphospecies were given scientific names after the ciliate species they most resembled. Note that identification of ciliates in Lugol-preserved samples is uncertain below genus. Cell volumes were estimated from length and width measurements (at Â400, minimum 10 individuals for each taxon), using standard geometric formulae (Edler, 1979; Olrik et al., 1998) . Mixotrophy of the ciliates was not measured, and consequently all ciliates were considered heterotrophic, except M. rubrum, which was considered autotrophic. To convert cell volume into biomass, the carbon:volume relationships of pg C cell À1 = 0.216 Â volume 0.939 for protists were used (MendenDeuer and Lessard, 2000) . The potential maximum production of ciliates (M. rubrum excluded) was estimated for each sampling occasion by multiplying the biomass (mg C L À1 ) by the maximum growth rate (day À1 ) that was estimated from the empirical formula proposed by Müller and Geller (Müller and Geller, 1993) :
where m is the maximal growth rate (day À1 ), T is the average temperature ( C) at 0-20 m and V is the mean cell volume (mm 3 ).
Mesozooplankton
Zooplankton were sampled from three depth layers (0-30, 30-60 and 60-100 m) by vertical 90 mm WP-2 net hauls (0.5 m s À1 ). The filtering efficiency was assumed to be 80% (Møhlenberg, 1987) . All samples were immediately preserved in 4% buffered (di-sodium tetraborate) formaldehyde. Replicate subsamples (Kott, 1953) were counted with an inverted microscope (Leitz fluovert FS; Leica) until at least 500 specimens were identified. Copepods were classified according to copepodite stage and sex. Naupliar stages were not separated. Cladocerans were classified according to sex, and females as ovigerous or non-ovigerous. Biomass was estimated from individual wet weight and an assumed carbon content of 5% of the wet weight (Omori and Ikeda, 1984) .
Production of rotifers, cladocerans and copepods was calculated from data on abundance and the temperature measured on each sampling occasion. Production rates of rotifers, i.e. Synchaeta spp. and Keratella spp., were estimated using equations established for Synchaeta pectinata and Keratella quadrata (Pourriot and Deluzarches, 1971) . Production of cladocerans was estimated using temperature-dependent P/B (production/biomass) coefficients for Bosmina spp. (Kankaala et al., 1984) and physiological methods for podonids (Andronikova, 1976) . When calculating the production for podonids, assimilation efficiency values and respiration rates were obtained from Petipa et al. (Petipa et al., 1966) and Sushchenya (Sushchenya, 1972) , respectively. Production of copepods was calculated as the sum of somatic, exuvial and generative production. The somatic production of copepods was determined by the instantaneous growth rate method (Chisholm and Roff, 1990) . Temperature-dependent specific growth rates, and/or development time, and development stages were obtained from the literature (Mullin and Brooks, 1967; Zaika, 1972; Ivanova, 1973; Heinle and Flemer, 1975; Landry, 1975; Harris and Paffenhöffer, 1976; Paffenhöffer and Harris, 1976; Vidal, 1980) . As we found no data for Acartia bifilosa, Acartia longiremis and Centropages hamatus, we used values for Acartia clausi (Landry, 1975) and Centropages kroyeri (Zaika, 1972) .
Exuvial production, which is a part of the copepodite somatic production, was estimated as 8.4% of copepodite plus naupliar production (Chrisholm and Roff, 1990) for copepods of similar size. Somatic production of adults was assumed to be negligible (McLaren and Corkett, 1981) . Generative production was estimated as egg production of females, based on the assumption that egg production rates in adult females are similar to growth rates in the oldest copepodites (Kiørboe et al., 1985) . Temperaturedependent rates of egg production were determined experimentally for A. bifilosa (Gorokhova, unpublished) and applied to Acartia spp. To obtain total mesozooplankton production on each sampling date, rotifer, cladoceran and copepod production were summed. Thus, the production of meroplankton and appendicularians was disregarded.
Seasonal standing stocks and production
Seasonal average biomasses (mg C L À1 ) of autotrophic and heterotrophic components of the plankton community were obtained by linear interpolation between sampling dates. Seasons were determined from temperature and density profiles (Figure 2) as follows: spring = March 24-June 2; summer = June 2-September 24; autumn = September 24-November 3; winter = November 3-December 8. The autotrophic biomass in the size classes 0.2-3, 3-10, 10-20, 20-40 and >40 mm was estimated from chlorophyll a values measured on the same sampling occasions as this study, using a carbon:chlorophyll a factor of 40, the average value for the area (Kuosa, 1990; Kononen et al., 1998; Walve, 2002) . Mesodinium rubrum was considered an obligate autotroph, and its seasonal standing stock was calculated from measured biomasses, with seasons as described above. For the remaining ciliates, the taxonomic groups Choreotrichida, Oligotrichida, Prostomatea and Haptorida were treated separately, as were Rotatoria, Cladocera and Copepoda for the mesozooplankton. Seasonal averages of the net production (mg C L À1 day
À1
) of bacteria and primary producers were calculated, as well as seasonal averages of the potential maximal production of the heterotrophic groups defined above. The seasonal maximum carbon demand, i.e. maximum carbon consumption, was calculated from the net production using a growth efficiency of 50% for bacteria (Williams, 1981) and 30% for ciliates and mesozooplankton (Downing and Rigler, 1984) .
R E S U L T S Temperature and salinity
The water temperature in the upper 20 m was below 2 C in spring, with little variation in salinity until mid-June, resulting in a homogeneous density profile in spring (Figure 2A-C) . At the beginning of May, the temperature rose rapidly and stable vertical gradients were present from July to mid-September (Figure 2A and C). Surface salinity decreased almost 0.5 in late June and remained low throughout the summer ( Figure 2B ). The low-salinity water extended down to the top of the summer thermocline, usually at 10-15 m depth. From October, the water temperature decreased rapidly. An exceptionally low salinity was recorded at the surface on one occasion in late September, and thereafter increased to levels close to spring values. There was little vertical variation from the end of September, resulting in a homogeneous density profile in autumn ( Figure 2C ). Throughout the year, the mixed layer was usually <20 m deep, except in early September when it was a few metres deeper.
Primary production, bacterial biomass and production
The distribution of 14 C uptake between size fractions varied greatly between spring and summer/autumn ( Figure 3A ). In spring, diatoms and dinoflagellates dominated the phytoplankton community (S. Hajdu, personal communication), and $80% of the phytoplankton 14 C uptake was retained on a 10 mm filter. In contrast, in summer and autumn, 60-80% of the 14 C uptake was found in cells passing a 3 mm filter.
Bacterial biomass and production were low prior to the spring bloom peak ( Figure 3B ), then increased quickly until mid-May, and more slowly during summer to the annual peak on September 8, then decreased rapidly. Overall, both biomass and production of bacteria were positively correlated with the water temperature (r 2 = 0.78, P <0.0001 and r 2 = 0.48, P = 0.001, respectively, Pearson correlation).
Ciliate community structure, biomass and production
The 31 ciliate morpho-species found during the study are listed in Table I , together with their average length, width and cell numbers. Some of the species were found year round, but most were seasonal and some were rare. The highest number of species was found in autumn with a higher diversity within both Oligotrichida and Choreotrichida, mostly tintinnid species. Autumn and the beginning of winter were also the only time when Sessilida species were found (attached to phytoplankton and cyanobacteria). Most of the rare species were tintinnids, which were found mainly during autumn when the total diversity was highest.
Total biomass of ciliates (M. rubrum excluded) was low in early spring, peaked on May 5, then decreased and remained fairly stable through summer and autumn, then decreased further to the lowest values in winter Didinium gargantua
Length and width measurements are averages for all sampling occasions with the standard deviation in parentheses. -, species not found; cf, uncertain species name; *, single measurement.
( Figure 3B ; Table II ). Larger ciliates (>20 mm) generally contributed most to ciliate biomass during spring and early summer, while smaller ciliates (<20 mm) increased their proportion of total biomass in late summer and early autumn ( Figure 3C ). On most occasions, 50% or more of the biomass was Oligotrichida and Choreotrichida, mainly different species of Strombidium and Strobilidium (Figure 4 ; Table II ). Only once, on May 18, was the biomass of Haptorida species (i.e. Didinium cf gargantua, Askenasia cf stellaris) higher than the summed biomass of Choreotrichida and Oligotrichida. The biomass of Prostomatea (including Holophrya spp. 1 and 2 and Balanion comatum) mostly contributed $10% of the total biomass. The estimated potential maximum production of ciliates ( Figure 3C ; M. rubrum excluded) was low on April 7, increased until May 5 and remained high until midJune. At the end of June, ciliate biomass fell, resulting in a drastically decreased production of ciliates. A combination of increasing water temperature and a slight increase in ciliate biomass resulted in growth estimates in August and September similar to the spring maximum.
Mesozooplankton community structure, biomass and production
The biomass of mesozooplankton was generally dominated by copepods (69-99%; Figure 3D ), except in the second half of June when rotifers (Synchaeta spp., mostly S. baltica) contributed up to 61% of the biomass. Cladocerans (mainly Bosmina longirostris maritima, Evadne nordmanni and Pleopsis polyphemoides) were present in most of the samples, but contributed little (maximum 13%) to the total mesozooplankton biomass ( Figure 3D ). During winter, up to 27% of the total mesozooplankton biomass was larvaceans (Fritillaria borealis). Total autotrophic biomass was estimated from chlorophyll a values. Net production values of ciliate were estimated from maximum growth rates for the temperature on each sampling occasion, and are therefore maximum estimates of production. Carbon consumption was calculated from the net production using a growth efficiency of 50% for bacteria, and 30% for ciliates and mesozooplankton. All values are integrated over the seasons. Spring = March 24-June 2; summer = June 2-September 24; autumn = September 24-November 3; winter = November 3-December 8.
In the surface layer (0-30 m), Acartia spp. constituted 20-80% of the mesozooplankton biomass/abundance over the year. A sharp increase in Eurytemora affinis abundance during July resulted in co-dominance of these two species in July-August. All copepod species had broad and overlapping biomass maxima in late summer, following a rapid increase in biomass in mid-July ( Figure 3D ). During this period (July-September), juvenile stages of Acartia spp. and Temora longicornis were most abundant. From January to May, 18-72% of the total biomass, mainly older copepodites and adults of Pseudocalanus and Limnocalanus, resided below 60 m. When the total zooplankton abundance and biomass increased in summer, the proportion of biomass concentrated in the upper 30 m also increased, contributing 50-67% of the total zooplankton biomass in July-August.
The integrated annual mesozooplankton production was 7.9 g C m À2 year À1 for the upper 30 m (11.9 g C m À2 year
À1
for the 100 m water column), with copepods and rotifers contributing 5.7 (73%) and 1.8 (23%) g C m À2 year À1 , respectively. In February-June, Acartia spp. and Pseudocalanus contributed most to the production of copepods, while Temora and Eurytemora dominated in July-September. The production of nauplii and younger copepodite stages contributed 43% to copepod annual production and 38% to total mesozooplankton annual potential maximum production.
Seasonal standing stocks and production
The estimated biomass and the production of primary producers were highest during spring, with the size classes <3 and 20-40 mm contributing most to the production (Table II) . Both biomasses and production of primary producers decreased during summer and autumn, and the smallest size classes dominated the production (Table II) . The autotrophic ciliate M. rubrum contributed $15% of the biomass of primary producers during spring and summer, 7% during autumn and 5% during winter. Biomass and production of bacteria were rather low in spring, doubled in summer, then the production decreased in autumn to values similar to the spring, while the biomass remained fairly constant (Table II) .
The biomasses of the studied secondary consumers (ciliates and mesozooplankton) were highest in spring and summer, with ciliates dominating in spring (85%), and mesozooplankton in summer (73%) ( Table II) . In autumn, biomasses decreased by $50% and were dominated by mesozooplankton (65%). The estimated potential maximum production and consumption of ciliates and mesozooplankton were highest during summer, and about half of that during spring and autumn (Table II) . Ciliates had the highest production and consumption of the studied secondary consumers during all seasons, except during winter when total values were low, then mesozooplankton had slightly higher production and consumption (Table II) .
D I S C U S S I O N
This field study attempted to elucidate the role of ciliates both as predators and prey in the open Baltic Sea and is one of the most complete studies so far with respect to the temporal resolution and simultaneous measurements of the different species/groups of species of the plankton community. In spring, 85% of the heterotrophic biomass (ciliates and mesozooplankton) was ciliates. Thus, the predation pressure from mesozooplankton on ciliates was presumably low, and ciliates were major predators. The seasonal succession of phytoplankton in 1998 was similar to previous years, with a spring bloom initially dominated by diatoms, which were already largely replaced by dinoflagellates before the peak of the bloom (Larsson and Hagström, 1982; Kankaala et al., 1984; Heiskanen and Leppänen, 1995) . Shortly after the spring bloom, the ciliate biomass peaked, dominated by large ciliates (average length 40 mm; Oligotrichida and Haptorida). It appears that the large heterotrophic ciliates benefited from the late spring-bloom conditions, when nano-sized food was readily available and predation by copepods negligible.
During summer, the shift from larger to smaller ciliates coincided with an increase in mesozooplankton biomass, and a shift towards small phytoplankton. Thus, smaller ciliates during summer were probably affected by predation from both mesozooplankton and remaining larger ciliates, and by prey size spectra. Ciliates were potentially important as regenerators of nutrients during summer and autumn, especially during summer when their estimated production was at its highest.
Seasonal patterns
Our estimates of carbon consumption indicate that during spring, summer and autumn ciliates potentially could consume considerably more food (a factor of $2.5) than mesozooplankton. Ciliates were especially important consumers during spring, when there was hardly any mesozooplankton. The ciliates have a faster production rate then mesozooplankton, which is probably why they could respond quickly to the increasing food availability during the spring phytoplankton bloom, and thereby retain primary produced material in the water column. According to our carbon consumption estimates, up to 15% of the net primary production in spring was potentially consumed by ciliates and 4% by mesozooplankton. Ciliates are considered to be main consumers on spring phytoplankton in other areas of the Baltic Sea (Smetacek, 1981; Leppänen and Bruun, 1986) . Since ciliates and their excreta settle slowly (Stoecker, 1984) , their dominance in spring will probably increase the retention time for newly produced material.
In summer, we found the largest potential carbon consumption by both ciliates and mesozooplankton. The carbon demand from these consumers reached 55% of the summed production of phytoplankton and ciliates. The ciliates alone could potentially consume up to 40% of the total net primary production, almost three times more than in spring. However, during summer, most of the primary production was by cells <3 mm, and for ciliates to sustain their growth they had either to feed directly on these small prey or, more likely, on heterotrophic nanoflagellates (HNF) that fed on this fraction. Uitto examined a coastal planktonic food web in the northern Baltic Sea and found that, during summer, on average 40% (up to 80%) of the total nutritional requirements of ciliates came from HNF (Uitto et al., 1997) . The same authors found that on average $20% of the carbon demand of larger zooplankton came from ciliates. This means that, potentially, mesozooplankton in this study could have consumed 40% of the ciliate production during summer. It is also possible that some of the larger ciliates could have preyed on the smaller sized ciliates, but the extent of this predation remains unclear.
In autumn, primary production decreased to half of that in spring. On the other hand, the estimated potential carbon consumption was almost equal to that in spring. Thus, ciliates and mesozooplankton could potentially consume twice as much of the primary production as in spring (maximum 43%). Since compared to summer there was slightly higher primary production in the prey sizes that the ciliates preferred (3-10 mm), and since there was a lower carbon demand from the ciliates, they could sustain their growth on primary produced material during autumn. Mesozooplankton could potentially obtain up to 70% of their carbon demand by consuming ciliates. It is more likely though that they fed on both primary producers and ciliates. Ciliates are a better quality food (Michels and De Meester, 1998) and can be actively selected by copepods ( Jonsson and Tiselius, 1990) . However, some ciliate species within the Choreotrichida and Oligotrichida are known to escape their predators (Gilbert and Jack, 1993; Broglio et al., 2001) . Therefore, it is probably not reasonable to assume that the predation pressure is equally high on similar sized phytoplankton and ciliates.
It is important though to be aware of the fact that these production and consumption values are estimates that were calculated to obtain seasonal trends and the maximum production and consumption of these predators. Naturally, maximum growth rates are not attainable at all times since food is not always saturating. Our estimates indicate that ciliates may be resource limited in summer, and this may decrease their production. It would thus be most interesting to validate these calculations with real production estimates during the different seasons in the future. It would also be interesting to study how much cannibalism there is among the ciliates and how much of their consumption comes from HNF.
Ciliates as predators: seasonal variations
Montagnes proposed a seasonal pattern for ciliates in the Gulf of Maine, with a 'spring assemblage' and a 'summer assemblage' (Montagnes et al., 1988) . The spring assemblage was mostly large ciliates feeding on diatoms, other large phytoplankton and small ciliates. The summer assemblage was mainly small ciliates consuming small flagellates and bacterioplankton. Our results resemble this pattern, with the largest ciliates in spring, mainly choreotrich ciliates (Choreotrichida and Oligotrichida) and Haptorida ciliates. The choreotrichs are selective feeders (Christaki et al., 1998) , and most species have an optimum prey size approximately equal to 15% of their length, and a minimum and maximum size range of $5 and 30% of their length, respectively ( Jonsson, 1986; Rassoulzadegan et al., 1988; Kivi and Setälä, 1995) .
The choreotrich species in spring were $45 mm in length and were thus presumably feeding on prey in the size range 2-15 mm. The Haptorida species in spring were $40 mm in length; these ciliates are raptorial feeders that can consume large prey, some even similar sized prey (Smetacek, 1981; Jakobsen and Hansen, 1997) . The remaining ciliate community during spring comprised somewhat smaller Prostomatea species (B. comatum and Holophrya spp., average length 30 mm). Jakobsen and Hansen found that B. comatum had an optimum prey size that was 47% of its length, and a prey size range of 24-59% of its length (Jakobsen and Hansen, 1997) . A similar prey size optimum was found by Stoecker et al., studying a Balanion species (Stoecker et al., 1986) . Thus, the Prostomatea presumably preferred prey 15 mm in length, and consumed prey in the size range 7-18 mm. This indicates that in spring we had a ciliate community that could consume prey in a very wide spectrum of sizes (2-40 mm). Thus, ciliates could potentially act on several levels in the food web, mainly as top predators, but the smaller ones also as consumers on smaller fractions. According to our estimates of consumption for the different ciliate taxonomic groups, and the prey sizes preferred by these ciliates, it seems likely that there was no food limitation for any of the ciliate groups during spring.
Directly after the biomass peak of ciliates in spring, an increase in abundance of B. comatum (Prostomatea) was observed. This species has been shown to prefer dinoflagellates (Stoecker et al., 1986) . It is therefore likely that it was favoured by the dinoflagellate predominance at the spring phytoplankton peak. Balanion comatum was also numerically important throughout the summer (25-58% of ciliate abundance; Table I ). The rest of the ciliate community, and also the largest part of its biomass during summer, were species within Oligotrichida and Choreotrichida, with average sizes of 32 and 39 mm, respectively. Following the calculations above, ciliates during summer would mostly consume prey in the size range 2-11 mm, with an optimum around 5 mm. Thus, during summer, ciliates presumably consumed smaller prey and, due to their fast growth rate, were important as regenerators. This is supported by results from correlations between the potential ciliate production and their potential prey. The potential ciliate production correlates with bacterial production (P < 0.01, r 2 = 0.42, Pearson correlation), primary production in the <3 mm fraction (P < 0.01, r 2 = 0.52) and primary production in the 3-10 mm fraction (P = 0.05, r 2 = 0.34, Pearson correlation). According to our estimates of carbon consumption, and considering the preferred prey sizes, the ciliates during summer were food limited or preyed in the <3 mm size fraction or preyed on HNF. Bacteria are in the lower range of the size spectra of ciliates, where the retention efficiency is low (Kivi and Setälä, 1995) . Normally, HNF are assumed to be the main consumers of bacteria, and ciliates are thought to prey mostly on autotrophic nanoplankton and on HNF (Azam et al., 1983) . HNF are common in coastal areas of the Baltic Sea, especially during summer, and are known to be major consumers of picoplankton (Kuuppo-Leinikki et al., 1994; Kivi et al., 1996; Uitto et al., 1997) , and may have been a food source for ciliates. Since there was a strong correlation between ciliate production and both bacterial production and primary production of <3 mm size, it would thus be most interesting to investigate these pathways further.
In late autumn and early winter, ciliate size structure remained similar to that of the summer period, but total diversity increased. This was mostly due to an increased diversity of tintinnids and the appearance of sessile ciliates. At this time, the water column was mixed, and it is likely that the tintinnids were transported upwards from deeper waters, where they were usually present in higher numbers, as indicated from the mesozooplankton samples from below 30 m (data not shown). The increase in sessilid ciliate species occurred directly after the peak of large filamentous cyanobacteria in early September (personal observation), and was possibly the result of feeding on the bacteria and flagellates associated with the degradation processes (Hoppe, 1981) . However, in total, we found a lower abundance of sessilid ciliate species compared to other studies in the Baltic Sea (Leppänen and Bruun, 1986; Mamaeva, 1988; Witek, 1998) . This may be due to the greater depth and more offshore location of our study site, which probably provides fewer particles for the sessilid species to grow on, and a comparably low abundance of cyanobacteria in 1998 (Larsson et al., 2001) .
Witek reported a similar seasonal pattern from the Gdańsk Basin in the Baltic Sea proper (Witek, 1998) . However, contrary to our results, Witek found a second peak of large ciliates in the autumn, following a second peak of phytoplankton, where we only found a peak of small-sized ciliates. The higher proportion of small ciliates found in this study during summer and autumn is typical for a regenerating system driven by the microbial food web, which is normally found in offshore environments (Legendre and Rassoulzadegan, 1995) . Also, the more coastal Gdańsk Basin had a different species composition of ciliates with more large and benthic species (i.e. genera of Didinium, Euplotes, Lacrymaria and Tintinnopsis). This is also true for other coastal studies of ciliates in the Baltic Sea (Smetacek, 1981) . In conclusion, our offshore study differed from other more coastal studies in the Baltic Sea with respect to the species composition of ciliates and the lack of an autumn biomass peak of ciliates. However, the magnitude of the spring peak of ciliates and the number of ciliate species found were in the range of previous reports from the Baltic Sea.
Potential predation from mesozooplankton
Studies in the Baltic Sea have shown an inverse relationship between ciliates and mesozooplankton (Smetacek, 1981; Kivi et al., 1993 Kivi et al., , 1996 . The structure and seasonal dynamics of the mesozooplankton community at the Landsort Deep in 1998 were similar to those observed before (Johansson, 1983; Viitasalo, 1992; Johansson et al., 1993) for other coastal and open areas of the Baltic Sea proper.
Mesozooplankton were generally dominated by copepods, with summer biomass peaks attributed to Acartia spp., Eurytemora and Temora. These, or closely related copepod species, are known to have high predation rates on ciliates (Wiackowski et al., 1994; Merrell and Stoecker, 1998) . Indeed, the decline of larger ciliates coincided with the increase in copepod biomass and production, suggesting possible copepod predation control of ciliate biomass and effective utilization of ciliates for copepod growth. Also, the decrease in total ciliate biomass in summer, in spite of an increase in their potential production from spring to summer, suggests predation losses.
The abundances and biomasses of Rotatoria observed in this study are relatively high compared to those reported by Viitasalo (Viitasalo, 1992) for open Baltic Sea areas, and more similar to the values obtained by Johansson (Johansson, 1983) for coastal areas of the Baltic Sea proper. In particular, in the second half of June, rotifer biomass, mostly Synchaeta spp., increased rapidly and dominated the mesozooplankton. Field and laboratory studies have shown that Synchaeta in fresh water can prey extensively on ciliates up to 60 mm in length (Gilbert and Jack, 1993) . Inverse relationships between rotifers and herbivorous ciliates have been found in estuarine plankton communities (Dolan and Gallegos, 1992) . Thus, increased abundance of Synchaeta spp. might be at least partially responsible for an increased predation pressure on ciliates. The potential role of cladocerans in regulating ciliate abundance is not clear. They occurred abundantly only from the end of June to the end of September, coinciding with a low biomass of larger ciliates. Moreover, species known as predators (podonids) and herbivores (bosminids) were present simultaneously, making it difficult to evaluate the overall effect of cladocerans on the ciliate abundance.
Concluding remarks
In conclusion, this study indicates that ciliates are major predators during all seasons, with a potential to consume considerably more food (a factor of $2.5) than mesozooplankton. They also act on several levels in the food web, which vary seasonally. During spring, when there was hardly any mesozooplankton, they were major consumers on the primary production, and are thereby a key factor in retaining new production in the water column. During summer and autumn, ciliates act as important regenerators, especially during summer when they had their highest estimated production.
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